Abstract: Spherical harmonic expansion is a commonly applied mathematical representation of the earth's gravity eld. This representation is implied by the potential coe cients determined by using elements/parameters of the eld observed on the surface of the earth and/or in space outside the earth in the spherical harmonic expansion of the eld. International Centre for Gravity Earth Models (ICGEM) publishes, from time to time, Global Gravity Field Models (GGMs) that have been developed. These GGMs need evaluation with terrestrial data of di erent locations to ascertain their accuracy for application in those locations. In this study, Bouguer gravity anomalies derived from a total of eleven (11) recent GGMs, using sixty sample points, were evaluated by means of Root-Mean-Square difference and correlation coe cient. The Root-Mean-Square di erences of the computed Bouguer anomalies from ICGEM website compared to their positionally corresponding terrestrial Bouguer anomalies range from 9.530 mgal to 37.113 mgal. Additionally, the correlation coe cients of the structure of the signal of the terrestrial and GGM-derived Bouguer anomalies range from 0.480 to 0.879. It was observed that GECO derived Bouguer gravity anomalies have the best signal structure relationship with the terrestrial data than the other ten GGMs. We also discovered that EIGEN-6C4 and GECO derived Bouguer anomalies have enormous potential to be used as supplements to the terrestrial Bouguer anomalies for Enugu State, Nigeria.
Introduction
Terrestrial gravity observation has always produced sparse network of points where gravity have been observed. This is due to the tediousness of the methods used. Some of the uses of these gravity values such as for geoid determination require the knowledge of gravity values all over the earth. This has not been possible till date using terrestrial measurements alone. Fortunately, satellite technology has come to the rescue. It is now possible to observe gravity values from space. Interestingly, the development and enhancement in technology has continued to improve, easing the activities of humanity in general and geoscientists in particular. This has brought about improved knowledge of the dynamics of the earth. It is no longer news that a number of Global Gravity Field Models (GGMs) are being developed by di erent scienti c research groups with increasing applications in geosciences and there is need to evaluate them using terrestrial data in order to ascertain their accuracy in some regions. Barthelmes (2013) emphasized on the need for the evaluation of gravity eld functional using terrestrial data in order to ascertain their accuracy. There are similar studies carried out in some regions of the world in which terrestrial data was used to determine the accuracy of the gravity functional derived from GGMs. In Finland, an evaluation of satellite-based GGMs, using terrestrial data, gave height anomaly di erences of around 15cm and gravity anomaly di erences of around 10mgal (Saari & BilkerKoivula, 2015) ; a comparative analysis of some satellitebased GGMs carried out in Norway gave several mgal of gravity anomalies (Šprlák et al., 2011) ; while a similar study done in Canada gave the RMS di erence between gravity anomalies derived from GGM and terrestrial gravity data as 5mgal on sea and lake surfaces but 14mgal was observed on land meaning that the RMS indicates a height-dependent trend (Huang et al., 2009) ; In Kenya, an evaluation of free-air gravity anomaly derived from EGM2008 gave a standard deviation of ±10.7 mgal (Odera, 2016 ) ; In Turkey, an evaluation of GGM-derived geoid heights with GPS/leveling derived geoid heights revealed that EGM2008 best ts (±0.157 m) to the GPS/levelling derived geoid heights (Yilmaz et al., 2010) .
Global Gravity Field Models are required for such applications as orbit determination, inertial navigation, deformation monitoring, geoid undulation computation, oceanographic applications, and geophysical prospecting, among others. They are given in form of sets of spherical harmonic coe cients. The recently developed models are improvements over the earlier ones and tend to be more accurate as illustrated in International Centre for Global Earth Models (ICGEM) website (Barthelmes & Köh-ler, 2016) . A GGM is normally validated using gravity eld data that was not used in the computation of the GGM. The deviations of the directly observed values from the model derived quantities will determine the con dence to be placed in the use of the GGM in any particular area and for di erent applications. The Bouguer gravity anomalies obtained from these GGMs can be used in modelling the gravimetric geoid, in geophysical prospecting, in engineering works, in simulation studies, in geodynamics studies like crustal movement and a host of other applications.
Owing to the usefulness of Bouguer gravity anomalies in many applications and as a result of recent publications of GGMs, this study aimed at evaluating the accuracy of the Bouguer gravity anomalies derived from eleven (11) GGMs using terrestrial Bouguer anomalies so that where necessary they could be used in place of or in combination with directly observed values in Enugu State, Nigeria.
Terrestrial Gravity Data, GGMs and Methodology . Terrestrial Gravity Data
Nigeria Geological Survey Agency (NGSA) provided the terrestrial Bouguer gravity data used in this research. Thirtysix evenly distributed gravity base stations were established across the entire State. A gravity base station at Nkalagu was used as well as the base station at the General Post-O ce Enugu as controls. This third-order gravity survey was tied to IGSN'71 (Morelli et al., 1972) through PGNN (Osazuwa,1986) . As published by NGSA, the following instruments were used for the terrestrial observation of Bouguer gravity data in Enugu State. The Gravimeter was calibrated using Northern Nigeria Calibration Line (Jos-Ilela) -376.72 mgal (Osazuwa,1992a) . The scale was calibrated to the Smithsonian meteorological table and can be read to 10ft (3m) accuracy. The sling psychrometer was used to measure the Air temperature while the relative humidity used in correcting the barometric readings was determined from the psychrometric chart. Bench marks (obtained from leveling) of known heights were obtained from the then Federal Surveys o ce (now O ce of the Surveyor General of the Federation (OSGoF)) in Enugu State and were used as controls in the determination of elevations. Even though these benchmarks may not necessarily be gravity stations, however the altimeters were read at all the known heights with the points looped into the survey for proper monitoring of drift of the Altimeters.
Heights of gravity stations were measured with two FA181Wallace & Tiernan and one Brunton altimeters. These instruments are essentially precision aneroid barometers with low-friction mechanical ampli cation to the dial. The altitude correction chart combined the correction factors for air temperature and relative humidity as they appear respectively in Tables 52, and 54 of the fth revised Edition of the Smithsonian meteorological tables. The heights of the gravity stations were therefore derived from the average results of the two Wallace and Tiernan altimeters which were observed, at least once at each station and also at the station of the primary gravity network.
The common corrections applied in this gravity survey include latitude, tidal, altitude, free air, Bouguer, terrain and drift corrections. The re ned Bouguer Anomaly is obtained thus:
where: G obs = Observed Gravity, G th = latitude correction,
H = Free air reduction, Tc= Terrain correction. For this survey, 1967 Geodetic Reference System Gravity formula was used.
where: φ = Latitude. The resulting Bouguer anomalies as obtained and provided by NGSA were boxed into grid cells to check for sudden jumps or discontinuities. The result of Bouguer anomalies as obtained by the Nigerian Geological Survey Agency for the area of study is shown in Fig. 1 
Figure 1: 3D Surface map of terrestrial Bouguer anomaly
The result of this survey shows a good correlation between the Bouguer anomalies and the surface geology of Enugu State when compared with the existing geological map. (http://www.ngsa-nig.org/content/regional-gravitysurvey-enugu-state)
. Global Gravity eld Models (GGMs) Used in this Research
The characteristics of the GGMs used in this research are shown in Table 1 . These eleven (11) GGMs consist of six (6) Satellite-based Models, three (3) combined Satellite, Gravity data and Altimetry data Models and two (2) Gravity Observation Combination (GOCO) Models. The di erent GGMs are characterised based on the input data, method of calculation, the degree and order of expansion which determine the resolution as well as other things modelled.
. Methodology
Generally, the gravitational potential of the earth can be represented outside the masses of the earth by a set of fully normalized spherical harmonic coe cientsC,S, called a global gravity eld model. The gravitational potential, V E , can be expanded into a series of fully normalized solid spherical harmonics outside the earth as (Wenzel, 2005) ;
where; GM E = Earth's gravitational constant, a = semimajor axis of the reference ellipsoid,C l,mSl,m = fully normalized spherical harmonic coe cients,P l,m = fully normalized associated Legendre functions of rst kind, l = degree, m = order, r = radius(geocentric distance), λ = spherical longitude, θ = polar distance (spherical colatitude), lmax = maximum degree of expansion The formula for expansion of gravity anomaly in series of spherical coordinates is given in Eq. 4 (Wenzel, 2005) ;
where; ∆g sa = Gravity anomaly in spherical approximation, GM =Earth's gravitational constant,
The spatial wavelength and resolution of gravity eld parameters computed from a global gravity eld model is directly linked to the maximum degree and order of expansion. As a rule of thumb, the spatial resolution and the minimum wavelength are (Ibid);
where; R = 6371 km = Mean radius of the earth The simple Bouguer anomaly is obtained from Eq. (7) below:
where;∆g B = Bouguer gravity anomaly, ρ = constant density, ∆g cl = Classical gravity anomaly, G = Gravitational constant, λ, ϕ = Ellipsoidal longitude and latitude. The classical gravity anomaly is the magnitude of the downward continued gravity, ∇W c , on to the geoid minus the normal gravity, |∇U| , on the ellipsoid at the same ellipsoidal longitude, λ, and latitude, ϕ.
where; 
In these GGMs, the Bouguer gravity anomaly is calculated by the spherical approximation of the classical gravity anomaly minus 2πGρH. The topographic heights, H(λ, φ), are calculated from the spherical harmonic model DTM2006 used up to the same maximum degree as the gravity eld model (Barthelmes, 2013) .
The topography model can be transformed into a surface spherical harmonics expansion as (Barthelmes, 2013) ;
where; H(λ, φ) = topographic Heights, R = Reference radius, C topo lm , S topo lm =coe cients of expansion. The calculation service of ICGEM was used for the computation of the Bouguer gravity data for the sixty (60) test points. All computations were carried out on Geodetic Reference System ellipsoid and in the Mean Tide system while the box for the zero degree term remained unchecked. The GGMs were truncated at their maximum degree of expansion and there was no ltering of any sort. Among others, it requires geodetic coordinates (Latitude, Longitude and Ellipsoidal height) of the test points to be inputted and that was what led to the acquisition of existing government geodetic control points. The ellipsoidal height is converted to orthometric height using the topography model in Eq. (12) and truncated at the maximum degree of expansion of the Global Gravity eld Model (Barthelmes & Köhler, 2016) .
Results

. Statistical Results
The values of the RMS di erence show the level of accuracy of the GGM-derived Bouguer anomalies to the terrestrial Bouguer anomalies.
The values of the correlation coe cients show the structure (whether in phase or out of phase with the terrestrial data) of the signals of the GGM-derived and terrestrial Bouguer anomalies at the sixty (60) test points.
. Graphical Results
The structure of the signal between the terrestrial and GGM-derived Bouguer anomalies are illustrated in Fig. 2 .
Discussions and Conclusion . Discussions
The closer the value of the Root-Mean-Square (RMS) to zero, the more accurate is the GGM-derived Bouguer anomaly to the terrestrial Bouguer anomaly while the farther the value of the RMS from zero, the less accurate is Odera, Gravity Anomalies ± . mgal the GGM-derived Bouguer anomaly to terrestrial Bouguer anomaly. The closer the value of correlation coe cient to ±1, the more accurate the structure of the signal of GGM-derived Bouguer anomaly to the terrestrial Bouguer anomaly while the farther the value of correlation coecient from ±1, the less accurate is the structure of the signal of GGM-derived Bouguer anomaly to terrestrial Bouguer anomaly at each of the test points. The plot of the various results obtained from the GGMs with respect to the observed Bouguer gravity anomaly is an indication of the structure of the signal of the GGM-derived Bouguer anomaly to the terrestrial Bouguer anomaly. Signal, as used in this sense, refers to the terrestrial and computed Bouguer gravity anomalies obtained at each of the given test points. Structure refers to the pattern of movements shown by both the terrestrial and computed Bouguer anomalies at each of the test points. The test points are the independent variable while the terrestrial and the computed Bouguer anomalies are the dependent variables.
The high value of the correlation coe cient (Table 3 ) between the computed and terrestrial Bouguer anomalies does not mean high level of accuracy rather it shows high level of the structure of the signals (that is, whether the computed and terrestrial Bouguer anomaly are in phase or out of phase at each of the given test points).
These eleven (11) GGMs consist of six (6) Satellitebased Models, three combined Satellite, Gravity data and Altimetry data Models and two Gravity Observation Combination (GOCO) Models. For the six Satellite-based Models, HUST-Grace16s has the least RMS (see Table 2) but GO_CONS_GCF_2_SPW_R4 shows the strongest signal structure relationship (based on the value of coe cient of correlation obtained in Table 3 ) between the GGM-derived Bouguer anomaly and the terrestrial Bouguer anomaly for the sixty (60) test points evaluated.
For the three combined Satellite, Gravity data and Altimetry data models, EIGEN-6C4 has the least RMS (see Ta- ble 2) but GECO shows the strongest signal structure relationship (based on the value of coe cient of correlation obtained in Table 3 ) between the GGM-derived Bouguer anomaly and the terrestrial Bouguer anomaly for the sixty (60) test points evaluated.
For the two Gravity Observation Combination (GOCO) Models, GOCO05s performed better than GOCO05C for the sixty (60) test points evaluated.
Among the eleven models evaluated, EIGEN-6C4 is the only one that has a one-digit whole number for the RMS di erence (see Table 2 ). Comparing the eleven Global Gravity Field Models to one another based on the RMS values obtained, it can be inferred that EIGEN-6C4 is more accurate than the other ten GGMs which were evaluated using sixty test points in Enugu State, Nigeria.
GECO has the best signal structure relationship with the terrestrial Bouguer anomaly than the other GGMs based on the value of coe cient of correlation obtained in Table 3 .
The values of Bouguer gravity data obtained from ITU-GRACE16, for the sixty (60) test points, are all negative which resulted in the high value of the Root-Mean-Square and this could be partly due to the omission and commission errors inherent in the GGMs; possible systematic er-rors in the observed terrestrial data and the topographic bias between Digital Elevation Models (DEMs), such as ETOPO1, and the terrestrially acquired elevation data.
Standard deviations and Root-Mean-Square di erences obtained in some similar studies show that the results obtained in this current study is reliable. The results obtained in Table 2 are in tandem with the results obtained by other researchers (Table 4 ) from other regions of the world.
The relatively large values obtained from the Root-Mean-Square (RMS) di erences of the GGMcomputed/terrestrial Bouguer gravity anomalies could be partly due to the omission and commission errors inherent in the GGMs, possible systematic errors in the observed terrestrial data and the topographic bias arising from truncation of the ETOPO1 topography model (see Eq. 12) and the terrestrially acquired elevation data. This is so because there is always a bias between DEM data and terrestrial data as a result of the great deviations in gradient of the undulating terrain when point values are compared to mean values such as ETOPO1 DEM.
. Conclusion
This study statistically evaluated the accuracy of Bouguer gravity anomalies computed from a total of eleven (11) GGMs using terrestrially observed Bouguer anomalies at sixty (60) test points in Enugu State, Nigeria. As stated earlier, the accuracy and the resolving power of the data used in the development of a Global Gravity Field Model determine its accuracy and resolution and from this study, we have discovered that EIGEN-6C4 and GECO showed enormous potential to be used as supplements to the terrestrial Bouguer gravity data. Nevertheless, improvement/remodelling/re ning of these Global Gravity eld Models is required to enhance their accuracy in Enugu State, Nigeria.
